Introduction
============

Breast cancer is one of the most common malignancies among females worldwide. As a result of early detection and improved treatment, the mortality of breast cancer patients has been declining. However, metastasis is still the leading cause of death among breast cancer patients, accounting for more than 90% of cancer-related mortality ([@b1-or-38-03-1393],[@b2-or-38-03-1393]). Although many studies have focused on the mechanisms of carcinogenesis and metastasis in breast cancer, the exact mechanism remains unclear.

Chemokines and their receptors have been widely known to play important roles in multiple pathways of tumor progression, including cancer cell proliferation, survival, cellular senescence, angiogenesis and metastasis ([@b3-or-38-03-1393]). Among the four subfamilies (CXC, CC, CX3C and XC) of chemokines, the subfamily of CC chemokines has attracted more and more attention in recent years. For example, CCL18 was reported to promote breast cancer metastasis ([@b4-or-38-03-1393]) and induce epithelial-to-mesenchymal transition in lung cancer ([@b5-or-38-03-1393]). CCL2 (MCP-1) was shown to facilitate breast cancer metastasis ([@b6-or-38-03-1393]), promote cancer stem cell (CSC)-mediated disease progression ([@b7-or-38-03-1393]) and enhance breast cancer cell survival ([@b8-or-38-03-1393]).

CCL28, also known as mucosa-associated epithelial chemokine (MEC), which is a ligand for CCR3/CCR10, was initially recognized as a chemokine predominantly produced by epithelial cells in diverse mucosal tissues ([@b9-or-38-03-1393]), including the salivary gland, mammary gland, trachea, colon, and to a lesser extent in the small intestine ([@b10-or-38-03-1393]). Moreover, its expression can be increased after stimulation with pro-inflammatory cytokines and bacterial products ([@b11-or-38-03-1393],[@b12-or-38-03-1393]). CCL28 appears to have dual functions in different types of human cancer. For example, Dimberg *et al* ([@b13-or-38-03-1393]) found that CCL28 protein expression in colon tumors was significantly lower than that in normal tissues, suggesting that suppression of CCL28 expression was related to colorectal carcinogenesis. Moreover, CCL28 mRNA and protein expression were markedly reduced in pleomorphic adenomas and adenolymphomas compared with the levels in normal adjacent tissue ([@b14-or-38-03-1393]). On the contrary, several studies have indicated that overexpression of CCL28 promoted tumor tolerance and angiogenesis ([@b15-or-38-03-1393]). Although CCL28 was found to be produced in the mammary gland, the role of CCL28 in breast carcinogenesis and metastasis has not been explored. In a previous study, CCL28 mRNA expression was highly reduced or eliminated in human breast tumors compared to that noted in normal adjacent tissues, but the relevance needs to be further studied ([@b16-or-38-03-1393]). In this study, we used a stably expressing CCL28 breast cancer cell line MDA-MB-231HM/CCL28 derived from parental MDA-MB-231HM cells to investigate the effects of CCL28 on breast cancer cell proliferation, migration and invasion *in vitro* and *in vivo*. We found for the first time that CCL28 promotes breast cancer growth and metastasis at least in part through mitogen-activated protein kinase (MAPK) signal-mediated anti-apoptosis and promoted invasiveness.

Materials and methods
=====================

### Cell lines and culture

Human breast cancer cell line MDA-MB-231 was obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA). The MDA-MB-231HM cell line was established by a subclone selection procedure derived from MDA-MB-231 cells in our institute. The MDA-MB-231HM cell line has a high potential to metastasize to the lung and its establishment has been described previously ([@b17-or-38-03-1393]). Cells were routinely maintained in the recommended Dulbeccos modified Eagles medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 µg/ml streptomycin. The cultures were incubated at 37°C in a humidified 5% CO~2~ atmosphere. Cell culture medium and FBS were purchased from Life Technologies, Inc. (Rockville, MD, USA). RT-PCR reagents were obtained from Takara Biotechnology Co., Ltd.

TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used to extract total RNA according to the manufacturer\'s recommendations. CCL28 cDNA was produced by reverse transcription-polymerase chain reaction. First, reverse transcription was performed with random hexamer primers by using the PrimeScript™ RT kit (Takara Biotechnology Co., Ltd.). The primers used to amplify CCL28 cDNA were 5-TAT **GGATCC**ATGCAGCAGAGAGGACTCGCCAT-3′ (sense, boldface type indicates the *Bam*HI site) and 5-ACGC**GTCGAC** CTAATAAGGAGTTTTATGGCCGTA-3′ (antisense, boldface type indicates the *Sal*I site). Conditions for the polymerase chain reaction were 94°C for 2 min, 94°C for 30 sec, 56°C for 1 min, and 72°C for 1 min for a total of 35 cycles, followed by 72°C for a 10-min extension. The CCL28 reverse transcription-polymerase chain reaction product was purified on a 1% agarose gel, digested with *Bam*HI and *Sal*I, and ligated to a pBabe/puromycin retroviral vector that had been digested with the same enzymes. After transformation of the plasmid in *Escherichia coli* (DH5α), positive clones were selected and DNA sequencing analysis was performed at the DNA sequencing corporation. The control vector used in this study was an empty pBabe/puromycin retroviral vector. All of these plasmids were transfected into amphotropic Phoenix packaging cells to generate retroviruses, which were used to infect the corresponding cell lines by using previously described protocols ([@b18-or-38-03-1393]). Retroviruses carrying CCL28 cDNA were used to infect the MDA-MB-231HM cells.

### RNA extraction and real-time quantitative PCR

TRIzol reagent (Invitrogen) was used to extract total RNA according to the manufacturer\'s recommendations. In brief, 1.0 µg of total RNA was applied for reverse transcription in 20 µl. The quantification of mRNA levels was carried out using DNA Engine Opticon 2 real-time PCR detection system (MJ Research) with SYBR-Green. Two microliters of diluted cDNA was used as a template; 10 µl 2X SYBR Premix Ex Taq (Takara Biotechnology Co., Ltd.) was mixed with the template and primers. The total reaction volume was 20 µl. Cycling conditions were denaturation at 95°C for 30 sec, annealing at 60°C for 30 sec, and elongation at 72°C for 45 sec. Plate reading was at 72 and 82°C. The specific primers used in the experiment were as follows: CCL28 forward, 5′-TGCACGGAGGTTTCACATCAT-3′ and reverse, 5′-TTGGCAGCTTGCACTTTCATC-3′; and GAPDH forward, 5′-ACCCACTCCTCCACCTTTGA-3′ and reverse, 5′-CATACCAGGAAATGAGCTTGACAA-3′. All experiments were repeated in triplicate. To ensure that the correct product was amplified in the reaction, all PCR products were also separated using 1.2% agarose gel electrophoresis.

### Western blot analysis

Total protein extract for each cell line was obtained by using a lysis buffer as described elsewhere ([@b19-or-38-03-1393]), and equal amounts (30 µg/load) were analyzed by immuno-blotting. The antibody against β-actin was obtained from Sigma-Aldrich (A5441, 1:20,000). Antibodies against Bak (sc-832, 1:1,000), Bcl-2 (sc-7382, 1:500), matrix metalloproteinase (MMP)-9 (sc-6840, 1:1,000), MMP-2 (sc-13594, 1:1,000), vascular endothelial growth factor (VEGF, sc-507, 1:1,000) and JNK (sc-571, 1:1,000) were from Santa Cruz Biotechnology. Antibodies against ERK1/2 (9102, 1:1,000), phospho-ERK1/2 (4376, 1:1,000), MEK1/2 (9126, 1:1,000), phospho-MEK1/2 (2338, 1:1,000) and phospho-JNK (4668, 1:1,000) were obtained from Cell Signaling Technology. The antibody against Bcl-XL (\#AM05, 1:1,000) was from Calbiochem. The antibody against CCL28 (18214-1-AP, 1:500) was from Proteintech. The antibody against E-cadherin (BD 610182, 1:1,000) was obtained from BD Labware (Franklin Lakes, NJ, USA). The secondary antibodies were F(ab)~2~ fragment of donkey anti-mouse immunoglobulin (product NA931) or of donkey anti-rabbit immunoglobulin (product NA9340) linked to horseradish peroxidase from Amersham Biosciences (Little Chalfont, Buckghamshire, UK).

### Proliferation assay

Cell proliferation was detected using Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan). The cells were plated in 96-well plates at a density of 2,500/well (100 µl) and cultured in growth medium. The number of cells was counted according to the protocol of the kit from the company.

### Wound healing assay

To evaluate cell motility, a wound healing assay was performed. The cells were cultured in a 6-well culture plate. Twenty four hours later, when the cells reached 90% confluence, a single wound was created in the center of the cell monolayer by gently scratching the attached cells with a sterile 10-µl micropipette tip. The debris was removed by washing at least twice with phosphate-buffered saline (PBS). After 12 or 20 h of incubation, the cells which migrated into the wounded area or protruded from the border of the wound were visualized and photographed under an inverted microscope. Each experiment was performed at least three times independently.

### In vitro invasion

Invasion experiments were carried out with a Matrigel invasion chamber (BD Labware). Each well insert was layered with 120 ml of a 1:3 mixture of Matrigel/DMEM (1,400 mg Matrigel/cm^2^). An amount of 10^5^ cells were incubated in an incubator at 37°C for 24 h. Invasion was assessed by counting the cells that had traveled across the filter and that had attached to the bottom side of the filter. Then, the filter was fixed in 4% formalin and stained with 1% Crystal violet. Cells that had invaded through the Matrigel and reached the lower surface of the filter were counted under a light microscope at a magnification of ×200. Five fields were counted for each sample.

### Anchorage-independent colony formation

The soft agar assay was carried out as described previously ([@b19-or-38-03-1393]). Briefly, 2×10^4^ cells were suspended in 2 ml of medium with 0.7% agarose LMP (A8350; Solarbio, Amresco), and the suspension was placed on top of 3 ml of solidified 1.4% agarose. Triplicate cultures of each well type were maintained for 14 days at 37°C in an atmosphere of 5% CO~2~ and 95% air, with fresh medium being added at day 7. The number of colonies that were larger than 50 µm (\~100 cells) in diameter in each dish was counted at 14--20 days. The assay was repeated three times with duplicate samples.

### Xenograft tumors in nude mice

All mouse experiments were carried out in accordance with the NIH 'Guide for the Care and Use of Laboratory Animals'. The study protocol was approved by the Shanghai Medical Experimental Animal Care Committee. All applicable international, national, and institutional guidelines for the care and use of animals were followed. Breast tumor cells were implanted into the mammary fat pad as described previously ([@b20-or-38-03-1393]). Briefly, we harvested 3×10^6^ cells by incubation in trypsin-EDTA, washed the cells twice with PBS and resuspended the cells in 0.15 ml of PBS. The tumor growth of the modified and control cell lines was monitored until the day that the mice were sacrificed. The date on which the first grossly visible tumor appeared for subcutaneous injection was recorded, and the tumor size was measured every 3 days. Two-dimensional measurements were taken with an electronic caliper after injection, and tumor volume was calculated with the use of the following formula: tumor volume (in mm^3^) = a × b^2^ × 0.52, where a is the longest diameter, b is the shortest diameter, and 0.52 is a constant to calculate the volume of an ellipsoid. Mice were sacrificed when observed for lethargy, poor appetite and feebleness. Metastasis formation was assessed by macroscopic observation of all major organs for secondary tumors and confirmed by histological examination of the organs. All tumor nodules were counted and dissected; each primary tumor nodule was also weighed and its volume was determined as described above for subcutaneous tumors.

### Immunohistochemical staining for animal xenografts

Sections from the xenografts of the MDA-MB-231HM/CCL28 and MDA-MB-231HM/vector groups were used for CCL28 and related protein detection. Antibodies used for immunohistochemical staining included anti-CCL28, anti-phospho-ERK1/2 and anti-β-catenin. Antibody binding was detected using avidinbiotin-peroxidase methods. Briefly, tissue slides were deparaffinized in xylene and rehydrated in a graded series of ethanol, and sections were subjected to antigen retrieval by boiling in 0.01 mol/l sodium citrate buffer (pH 6.0) in a microwave oven for 10 min. After blocking endogenous peroxidase activity with 0.3% hydrogen peroxide and blocking nonspecific protein binding with 1.5% normal goat serum, the sections were incubated overnight with an antibody at 4°C in a humid chamber. Then, antibodies were localized by incubating sections with biotinylated goat anti-mouse or goat anti-rabbit IgG for 30 min and detected with 3,3-diaminobenzidine (DAB). The lung and lymph tissues were serially cut into 5-µm slices, and every 10th section was stained with hematoxylin and eosin (H&E) to evaluate the presence or the absence of lung metastasis. Two independent pathologists calculated the number of metastasis in whole lungs.

### Statistical analysis

Statistical analysis was performed using Statistical Package for the Social Sciences (SPSS) software version 16.0 for Windows (SPSS Inc., Chicago, IL, USA). ANOVA and Student\'s t-test were used to determine the statistical significance of differences between experimental groups *in vitro*. Values of p\<0.05 were considered as statistically significant. Graphs were created with GraphPad Prism 5.

Results
=======

### Expression of CCL28 in human breast cancer cell lines

CCL28 mRNA expression was detected by reverse transcription-PCR in 8 breast cancer cell lines (MCF-7, MDA-MB-468, ZR-75-30, MDA-MB-231, MDA-MB-231HM, SKBR3, Bcap37, T47D) and a normal mammary epithelial cell line (MCF-10A) ([Fig. 1A](#f1-or-38-03-1393){ref-type="fig"}). To further confirm the difference in CCL28 mRNA expression in these cells, we detected CCL28 mRNA expression by quantitative RT-PCR ([Fig. 1B](#f1-or-38-03-1393){ref-type="fig"}). We found that CCL28 mRNA expression was high in the MDA-MB-231HM and T47D cell lines, moderate in the MDA-MB-231, MDA-MB-468, ZR-75-30 and MCF-10A cell lines, and low in the other cell lines. It was clear that CCL28 mRNA expression was higher in high-metastatic breast cancer cell line MDA-MB-231HM than that in low-metastatic cell line MDA-MB-231 and in MCF-7 a non-metastatic cell line, which indicated a potential correlation between the expression of CCL28 and the metastatic ability of breast cancer cells.

### Stable transfection of CCL28 cDNA into MDA-MB-231HM cells

In order to investigate the role of CCL28 in breast cancer cell tumorigenesis and metastasis, we transfected CCL28 expression vector pBabe/CCL28 into MDA-MB-231HM cells and generated stable transfectants. As shown by reverse transcription-PCR ([Fig. 2A](#f2-or-38-03-1393){ref-type="fig"}), western blot analysis ([Fig. 2B](#f2-or-38-03-1393){ref-type="fig"}) and immunohistochemistry ([Fig. 2C](#f2-or-38-03-1393){ref-type="fig"}) in the tissues generated from animals injected with MDA-MB-231HM/CCL28 or MDA-MB-231HM/vector, CCL28 was markedly over-expressed in the cells respectively treated with CCL28 cDNA (MDA-MB-231HM/CCL28) compared with the control cells treated with the empty vector (MDA-MB-231HM/vector). These results suggest that a stable expressing CCL28 breast cancer cell line was successfully generated, and it can be used in further experiments.

### CCL28 promotes breast cancer cell proliferation, tumorigenesis and tumor growth

To investigate whether expression of CCL28 is associated with tumor growth of breast cancer cells *in vitro*, we performed proliferation and anchorage-independent growth assays in MDA-MB-231HM/CCL28 cells and compared the results with the parental cells. As shown in [Fig. 3A](#f3-or-38-03-1393){ref-type="fig"}, overexpression of CCL28 significantly promoted breast cancer cell proliferation. Furthermore, the number of colonies formed in soft agar was increased in the MDA-MB-231HM/CCL28 cells compared to that noted in the control cells ([Fig. 3B](#f3-or-38-03-1393){ref-type="fig"}). Furthermore, western blot analysis showed that the expression of anti-apoptotic protein Bcl-2 was higher in the MDA-MB-231HM/CCL28 cells when compared with that in the control cells, whereas no changes were observed in the expression of Bcl-XL. The pro-apoptotic protein BAK was decreased in the MDA-MB-231HM/CCL28 cells ([Fig. 3C](#f3-or-38-03-1393){ref-type="fig"}).

Next, the effect of CCL28 on tumor growth was further investigated using an orthotropic xenograft tumor model in nude mice. The results showed that MDA-MB-231HM/CCL28 cell-derived tumors grew much faster than the MDA-MB-231HM/vector cell-derived tumors in the nude mice ([Fig. 3D](#f3-or-38-03-1393){ref-type="fig"}). When the mice were xenografted with MDA-MB-231HM/CCL28 cells, as shown in [Fig. 3E](#f3-or-38-03-1393){ref-type="fig"}, the primary tumor volume was much larger than that noted for the control cells. Furthermore, the average tumor weight was also increased in the mice bearing MDA-MB-231HM/CCL28 xenografts as compared with the control xenografts ([Fig. 3F](#f3-or-38-03-1393){ref-type="fig"}). Collectively, these data suggest that CCL28 enhances breast cancer cell proliferation, tumorigenesis and tumor growth.

### CCL28 enhances breast cancer cell migration, invasion and tumor metastasis

We then assessed the invasiveness of MDA-MB-231HM/CCL28 and parental cells using Transwell chambers. The results showed that more MDA-MB-231HM/CCL28 cells intruded into the bottom chamber than the number of MDA-MB-231HM/vector cells ([Fig. 4A](#f4-or-38-03-1393){ref-type="fig"}). A wound-healing assay was used to evaluate the effect of CCL28 expression on breast cancer cell migration. As shown in [Fig. 4B](#f4-or-38-03-1393){ref-type="fig"}, MDA-MB-231HM/CCL28 cells migrated more rapidly close to the scratched wound when compared to the MDA-MB-231HM/vector cells within 20 h. Thus, overexpression of CCL28 increased cell migration and invasion *in vitro*.

We also investigated the effect of CCL28 on the metastasis of tumors *in vivo*. As shown in [Fig. 4C](#f4-or-38-03-1393){ref-type="fig"}, H&E staining showed that CCL28 led to more massive metastasis in the lungs and lymph node of the mice injected with MDA-MB-231HM/CCL28 cells than the metastasis of mice injected with the control cells. Injection of MDA-MB-231HM/CCL28 cells also increased the number of metastatic nodules in the lungs and lymph nodes ([Fig. 4C](#f4-or-38-03-1393){ref-type="fig"}).

### MAPK pathway is involved in CCL28-mediated tumor metastasis

To investigate the potential mechanism of CCL28 in breast cancer metastasis, we first examined the expression of metastasis-associated proteins in cells overexpressing CCL28, and found that no significant changes could be detected in the levels of MMP2, MMP9 and VEGF, while the expression of β-catenin was decreased ([Fig. 5A](#f5-or-38-03-1393){ref-type="fig"}). β-catenin is a dual function protein, involved in the regulation and coordination of cell-cell adhesion and gene transcription. The induced expression is related to breast cancer ([@b21-or-38-03-1393]). In this study, further immunohistochemistry analysis showed that β-catenin expression was decreased in the xenograft mouse tumor tissues overexpressing CCL28, which was consistent with the western blot results ([Fig. 5B](#f5-or-38-03-1393){ref-type="fig"}). These data suggest that CCL28 promotes breast cancer cell metastasis through these molecules.

Since the MAPK pathway is associated with the promotion of tumor metastasis, we examined the expression of signal molecules involved in the MAPK pathway in the CCL28 cDNA-treated cells as well as in their corresponding control cells. As shown in [Fig. 5C](#f5-or-38-03-1393){ref-type="fig"}, there were no changes in the expression of ERK1/2, MEK1/2 and JNK1/2, however, levels of phosphorylated ERK1/2 (Thr202/Tyr204), MEK1/2 (Ser212/221) and JNK1/2 (Thr183/Tyr185) were markedly increased after overexpression of CCL28 compared with the control cell line. To confirm this observation, we then examined pERK expression in the tissues generated from animals injected with the MDA-MB-231HM/CCL28 and MDA-MB-231HM/vector by immunohistochemistry. As expected, the expression of pERK was significantly increased ([Fig. 5D](#f5-or-38-03-1393){ref-type="fig"}). These results suggest that CCL28 promotes breast cancer metastasis by suppressing β-catenin, which may be mediated through upstream signaling of MAPK.

Discussion
==========

Chemokines are a family of small chemotactic cytokines, which have been divided into four main subfamilies: CXC, CC, CX3C and XC. Chemokines and their receptors have been widely investigated in human cancers, including breast cancer. In addition, they play a dual role - positive and negative - in cancer progression. For example, atypical chemokine receptors DARC ([@b22-or-38-03-1393]), D6 ([@b23-or-38-03-1393]) and CCX-CKR ([@b24-or-38-03-1393]) have been found to inhibit breast cancer growth and metastasis and are positively correlated with enhanced survival, whereas CXCR2 has been demonstrated to promote ovarian cancer growth through multiple pathways ([@b18-or-38-03-1393]). CCL28 is one of the newly discovered CC subfamily chemokine. Previous studies have shown that CCL28 is constitutively and inductively expressed in diverse mucosal sites, and is suggested to take part in mucosal immunity ([@b25-or-38-03-1393]). Moreover, it also has a broad spectrum of antimicrobial activity ([@b26-or-38-03-1393],[@b27-or-38-03-1393]).

The balance of proliferation and apoptosis plays a significant role in the control of tumor growth. In general, progression of tumor growth is characterized by a net increase in the number of tumor cells. This could be due to increased proliferation and/or decreased apoptosis, or both ([@b28-or-38-03-1393]). Bcl-2 and BCL-xL facilitate G0 quiescence by decreasing RNA content and cell size and upregulating p27 protein ([@b29-or-38-03-1393]). In mammary tumor and hepatocellular carcinogenesis models, Bcl-2 plays a tumor-suppressing role by inhibiting proliferation ([@b30-or-38-03-1393]). The MAPK pathway is highly conserved among eukaryotes and transmits signals from cell surface receptors for nuclear transcription. The MAPK family consists of ERK1/2, JNK and p38. Generally, upregulation and activation of ERK1/2 and JNK tends to promote tumor development ([@b31-or-38-03-1393],[@b32-or-38-03-1393]). In this study, we demonstrated that CCL28 plays an important role in breast cancer progression by promoting breast cancer cell proliferation, tumorigenesis, migration and invasion *in vitro*, and enhancing tumor growth and metastasis *in vivo* via the MAPK signaling pathway. We showed that overexpression of CCL28 increased the expression of anti-apoptotic Bcl-2, and suppressed the expression of pro-apoptotic Bak, leading to decreased cellular apoptosis. Furthermore, CCL28 promoted cell invasiveness and tumor metastasis by suppressing the expression of cell adhesion protein β-catenin.

As a CC subfamily chemokine, CCL28 and its receptors CCR3/CCR10 have been extensively investigated in terms of eosinophil recruitment in inflammation-induced diseases ([@b25-or-38-03-1393],[@b33-or-38-03-1393]). Hanamoto *et al* found that H-RS cells in 15 of 19 cases were positive for CCL28. Among them, 7 cases were also positive for CCR10, suggesting a potential autocrine effect ([@b34-or-38-03-1393]). CCL28 is a key regulator of IgA ASC accumulation in the mammary gland and thus controls the passive transfer of IgA antibodies from mother to infant ([@b35-or-38-03-1393]), but there is no report about whether it has an effect on cancer cells in an autocrine or a paracrine manner. There is much evidence to show that CCR3 and CCR10, two receptors for CCL28, play important roles in numerous types of malignancies ([@b36-or-38-03-1393]--[@b38-or-38-03-1393]), whereas the function of their ligand in epithelial cancer has not been well defined. A study in asthma demonstrated that phosphorylation of NF-κB is associated with the expression of inducible CCL28 ([@b39-or-38-03-1393]). Kagami *et al* ([@b40-or-38-03-1393]) demonstrated that CCL28 production was downregulated in keratinocytes by inhibition of ERK/MAPK and NF-κB pathway. We showed here that CCL28 may promote breast tumorigenesis by regulating the MAPK signaling pathway, which ultimately controls cell apoptosis and metastasis.

To our knowledge, no investigation has focused on the effect of CCL28 on breast cancer cell proliferation and invasive abilities *in vitro* and *in vivo*. In our study, we showed for the first time that overexpression of CCL28 led to increased cell proliferation and tumor growth, and the effect was at least in part attributed to increased anti-apoptotic factor Bcl-2. This is consistent with a previous study in human hematopoietic stem and progenitor cells (HSPCs), which showed that CCL28 is a growth factor that directly stimulates the proliferation of primitive hematopoietic cells ([@b41-or-38-03-1393]). However, Sun *et al* ([@b42-or-38-03-1393]) obtained the opposite results and found that CCL28 induced the apoptosis of decidual stromal cells in human spontaneous abortion. The reason for the different result may be due to the different source of CCL28, different microenvironment, and different types of diseases, which need to be further studied in the future. Furthermore, our data showed that overexpression of CCL28 not only promoted the growth of tumors, but also elevated the metastatic ability by increasing the number of lung metastatic nodules and the weight of wet lung. Immunohistochemistry indicated that CCL28 positively regulated cancer metastasis by suppressing the expression of β-catenin. The result was confirmed by western blot analysis as following the overexpression of CCL28, the expression of β-catenin was decreased. In addition, our data showed that VEGF protein expression did not change in terms of CCL28 expression, which was not consistent with a study by Facciabene *et al*. They demonstrated that CCL28 production was upregulated by hypoxia, and then recruited Treg cells expressing CCR10, and ultimately promoted tumor immune tolerance and angiogenesis ([@b15-or-38-03-1393]). This discrepancy may suggest that CCL28 regulates tumor progression through different mechanisms.

In summary, we demonstrated for the first time that overexpression of CCL28 promotes breast cancer proliferation and tumor growth by activating Bcl-2 expression, and increases breast cancer invasiveness and metastatic ability by suppressing β-catenin expression, which are positively related to activation of the MAPK signaling pathway. Thus, targeting CCL28 may effectively inhibit breast cancer cell growth and metastasis and may be a valuable therapeutic strategy against breast cancer.

The present study was funded by the National Natural Science Foundation of China (grant no. 81172506), and the Shanghai Committee of Science and Technology, China (grant no. 12DZ2260100).

![Expression of CCL28 in breast cancer cell lines. Expression of CCL28 mRNA was assessed by semi-quantitative RT-PCR (A) and real-time PCR (B) in 1 normal breast epithelial cell line (MCF-10A) and 8 breast cancer cell lines.](OR-38-03-1393-g00){#f1-or-38-03-1393}

![Stable transfection of CCL28 cDNA into MDA-MB-231HM cells. (A) Expression of CCL28 mRNA was detected by RT-PCR in MDA-MB-231HM cells that were transfected with control (231HM/vector) or CCL28 cDNA (231HM/CCL28). Expression of CCL28 protein was detected by western blot analysis in 231HM/vector and 231HM/CCL28 cell lines (B) and immunohistochemistry analysis in xenografts of 231HM/vector and 231HM/CCL28 tumor bearing mice (C).](OR-38-03-1393-g01){#f2-or-38-03-1393}

![CCL28 promotes breast cancer cell proliferation, tumorigenesis and tumor growth. (A) Growth curve of MDA-MB-231HM/vector (231HM/vector) and MDA-MB-231HM/CCL28 (231HM/CCL28) cells as determined by a proliferation assay. Values shown are means ± standard deviation (SD). \*p\<0.05, \*\*P\<0.01. Data are from three independent experiments with triplicate samples. (B) Anchorage independent colony formation on soft agar of 231HM/vector and 231HM/CCL28 cells. Error bars, 95% CIs. Data from three independent experiments are shown. \*p\<0.05. (C) Western blot analysis of apoptosis-related protein expression. β-actin was used as a loading control. (D) Tumor growth curve of 231HM/vector and 231HM/CCL28 cell xenografts *in vivo*. \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001. (E) Gross volume of CCL28-overexpressing tumors and vector control tumors. (F) The average tumor weight of 231HM/CCL28 xenografts and control xenografts. \*\*p\<0.01.](OR-38-03-1393-g02){#f3-or-38-03-1393}

![CCL28 enhances breast cancer cell migration, invasion and tumor metastasis. (A) Transwell assay of MDA-MB-231HM/vector (231HM/vector) and MDA-MB-231HM/CCL28 (231HM/CCL28) cells plated on the upper cell culture inserts, with culture medium alone plated in the lower chambers. Quantification of the Transwell assay (right). Cells were counted in triplicate wells and in three identical experiments. \*\*p\<0.01. Columns indicate the mean of three independent experiments; bars SD; HP, high-power objective. (B) Cell migration of 231HM/CCL28 cells in a wound-healing assay. Cell migration was assayed at a magnification of ×10. Quantitative analysis of the wound-healing assay (right). Data from three independent experiments were used in this analysis. Values shown are means ± standard deviation (SD). \*p\<0.05 compared with the untreated group. (C) H&E staining of pulmonary and lymph node metastatic tumors (left). Quantification of the average metastasis of each lung or lymph node of the control xenografts and CCL28-modified xenografts (right). \*p\<0.05. H&E, hematoxylin and eosin staining.](OR-38-03-1393-g03){#f4-or-38-03-1393}

![The MAPK pathway is involved in CCL28-mediated tumor metastasis. (A) Western blot analysis of MMP2, MMP9, VEGF and β-catenin expression in MDA-MB-231HM/vector (231HM/vector) and MDA-MB-231HM/CCL28 (231HM/CCL28) cells. (B) β-catenin protein expression was detected by immunohistochemical analysis in xenografts of 231HM/vector and 231HM/CCL28 tumor-bearing mice. (C) Association of CCL28 with the MAPK signaling pathway. Overexpression of CCL28 increased the level of phosphorylated ERK1/2, MEK1/2, and JNK1/2 as determined by western blot analysis. (D) Immunohistochemical examination of pERK protein expression in xenografts of 231HM/vector and 231HM/CCL28 tumor-bearing mice. MAPK, mitogen-activated protein kinase; MMP, matrix metalloproteinase; VEGF, vascular endothelial growth factor.](OR-38-03-1393-g04){#f5-or-38-03-1393}
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